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Strong determinants of the host range of influenza A viruses have been identified on the polymerase complex
formed by the PB1, PB2, and PA subunits and on the nucleoprotein (NP). In the present study, molecular
mechanisms that may involve these four core proteins and contribute to the restriction of avian influenza virus
multiplication in human cells have been investigated. The efficiencies with which the polymerase complexes of
a human and an avian influenza virus isolate assemble and interact with the viral NP and cellular RNA
polymerase II proteins were compared in mammalian and in avian infected cells. To this end, recombinant
influenza viruses expressing either human or avian-derived core proteins with a PB2 protein fused to the
One-Strep purification tag at the N or C terminus were generated. Copurification experiments performed on
infected cell extracts indicate that the avian-derived polymerase is assembled and interacts physically with the
cellular RNA polymerase II at least as efficiently as does the human-derived polymerase in human as well as
in avian cells. Restricted growth of the avian isolate in human cells correlates with low levels of the core
proteins in infected cell extracts and with poor association of the NP with the polymerase compared to what
is observed for the human isolate. The NP-polymerase association is restored by a Glu-to-Lys substitution at
residue 627 of PB2. Overall, our data point to viral and cellular factors regulating the NP-polymerase
interaction as key determinants of influenza A virus host range. Recombinant viruses expressing a tagged
polymerase should prove useful for further studies of the molecular interactions between viral polymerase and

host factors during the infection cycle.

Avian influenza viruses usually do not replicate or cause
disease in humans, but they have the potential to adapt to
humans and initiate a pandemic (29, 38). The molecular de-
terminants and related mechanisms that may restrict or favor
the multiplication of avian influenza viruses in humans remain
poorly understood. Some determinants of host range are re-
lated to the receptor specificity of the surface glycoproteins
(30, 34). Genetic analyses also hint at a major role of the viral
ribonucleoproteins (RNPs) in host range (for a review, see
references 25 and 29). The RNPs are formed of the viral RNAs
(VRNAS) associated with the nucleoprotein (NP) and the het-
erotrimeric PB1-PB2-PA polymerase (Pol) complex. Experi-
mental adaptation of an avian (10) or an equine (33) virus to
mice was shown to be driven mainly by mutations on the genes
encoding the viral Pol and NP, which correspond to the min-
imum set of proteins required for both the transcription and
replication of VRNAs. A correlation between the levels of
activity of the viral Pol in mammalian cultured cells and the
replication potential in mammalian hosts has been observed (9,
16, 31). An increased replication rate probably determines the
ability of the virus to outcompete the innate and immune
responses and to establish a successful infection. It might also
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increase the chances for variants with a higher fitness in the
new host to be generated and selected.

It is generally assumed that adaptative mutations on the
RNPs lead to an optimized interaction with host factors. Once
released in the cytoplasm of the infected cell, the RNPs are
transported to the nucleus, where transcription and replication
of the vVRNAs take place in close association with the cellular
transcriptional machinery. Viral transcription is particularly
dependent on the host RNA PolllI activities (for a review, see
references 6 and 28). Newly formed vRNAs, packaged as
RNPs, may serve as templates for secondary rounds of tran-
scription/replication or may exit the nucleus to be incorporated
into progeny virions. Upon transmission to a new species, the
assembly, transport, stability, and/or activity of the viral RNPs
could be altered due to inefficient or inappropriate association
with cellular factor(s). The existence of a physical association
between the PB1-PB2-PA heterotrimer and the cellular RNA
Pol II has been recently described (7). Other cellular proteins
involved in cellular RNA synthesis, modification, and transla-
tion (13, 14, 24, 26) and also proteins involved in cellular DNA
replication (15, 22) and in nucleo-cytoplasmic trafficking (2, 5,
35), as well as members of the chaperone (12, 27) and cytoskel-
eton (3) family of proteins, have been found to interact with
influenza virus RNP components. However, little is known
about the importance of such molecular interactions with re-
spect to host adaptation.

In the present study, we show that recombinant influenza
viruses expressing a PB2 protein fused to the One-Strep puri-
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fication tag are an appropriate tool to investigate molecular
interactions involving viral RNPs in the context of an infectious
cycle. By using this strategy, the efficiency with which the RNP
components of a human and an avian influenza virus isolate
interact with each other and with the cellular RNA Pol II was
compared in mammalian and in avian infected cells. Our re-
sults indicate that the Pol complex of an avian influenza virus
gets assembled upon infection of a human cell and interacts
physically with the human RNA Pol II enzyme at least as
efficiently as does the Pol complex of a human influenza virus.
However, the restricted growth of the avian influenza virus in
human cells correlates with a poor association of the NP with
the Pol complex.

MATERIALS AND METHODS

Cell and viruses. 293T and DF1 cells were grown in complete Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS). QT6 cells were grown in Ham-F10 medium supplemented with 10% FCS,
1% chicken serum, and 2% tryptose phosphate broth. MDCK cells were grown
in modified Eagle’s medium supplemented with 5% FCS.

Influenza viruses A/Paris/908/97 ([P908] H3N2) and A/Mallard/Marquenterre/
7237/83 (IMZ] HIN1) were isolated by the National Influenza Center (northern
France) at the Pasteur Institute in Paris (France). Viruses P908 and MZ were
propagated in MDCK cells and embryonated hen eggs, respectively.

Plaque assays. Unless indicated otherwise, P908- and MZ-derived viruses
were titrated on MDCK and QT6 cells, respectively, using a plaque assay pro-
cedure adapted from Matrosovich et al. (21). When MDCK cells were used, the
overlay was prepared with 1.2% Avicel (RC581; FMC BioPolymer) in complete
minimal essential medium (MEM) and r-(tosylamido-2-phenyl) ethyl chloro-
methyl ketone (TPCK)-trypsin (Worthington) at a final concentration of 1 pug/ml.
When QT6 cells were used, the overlay was prepared with 0.3% Avicel, 25%
MEM, 75% Ham-10 medium, and TPCK-trypsin at a final concentration of 0.25
to 0.4 pg/ml.

Plasmids. The four plasmids containing the promoter of Pol I (pPol I) encod-
ing the sequences corresponding to the hemagglutinin (HA), neuraminidase, M,
and NS genomic segments of A/WSN/33 (WSN) virus (8) were kindly provided
by G. Brownlee (Sir William Dunn School of Pathology, Oxford, United King-
dom). Plasmids pHMG-PBI1, -PB2, -PA, and -NP, encoding the PB1, PB2, PA,
and NP proteins of influenza viruses P908 and MZ have been described earlier
(16). The PB1, PB2, PA, and NP ¢cDNAs were amplified using the recombinant
pHMG plasmids as templates and primers specific for the coding sequences that
contained additional nucleotides corresponding to the 3’ noncoding region
(NCR) and 5" NCR of the PB1, PB2, PA, and NP genomic segments, respec-
tively, of the WSN virus. The amplicons were cloned between the two Bbsl sites
of the pPR7 plasmid (1), resulting in pPR7-P908-PB1, pPR7-P908-PB2, pPR7-
P908-PA, and pPR7-P908-NP plasmids on the one hand, and pPR7-MZ-PB1,
pPR7-MZ-PB2, pPR7-MZ-PA, and pPR7-MZ-NP plasmids on the other hand.
The following sequences were fused to the last amino acid of the PB2 open
reading frame (ORF) into the pPR7-P908-PB2 and pPR7-MZ-PB2 plasmids
using standard PCR and cloning procedures: (i) a linker sequence encoding three
Ala residues, (ii) the HA tag (YPYDVPDYA) or the One-Strep tag (WSHPQ
FEKGGGSGGGSGGGSWSHPQFEK) coding sequence, (iii) a stop codon
combined with an Nhel restriction site (TAGCATGC), and (iv) the 5’ terminal
143 nucleotides of the PB2 segment. Alternatively, the One-Strep tag sequence
followed by a linker sequence encoding three Ala residues was inserted upstream
of the PB2 ORF into the pPR7-P908-PB2 and pPR7-MZ-PB2 plasmids. The
E627K mutation was introduced in the pPR7-MZ-PB2 plasmids by site-directed
mutagenesis using a QuickChange Site-Directed Mutagenesis kit (Stratagene).
All constructs were verified by sequencing positive clones using a Big Dye
terminator sequencing kit and an automated sequencer (Perkin Elmer). The
sequences of the oligonucleotides used for amplification and sequencing can be
provided upon request.

Production of recombinant viruses by reverse genetics. The method used for
the production of recombinant influenza viruses by reverse genetics was adapted
from previously described procedures (8). Briefly, the four pPol I WSN plasmids,
together with the four pPR7-P908 or pPR7-MZ plasmids (including pPR7-PB2,
pPR7-PB2-HA, pPR7-PB2-Nstrep [where Nstrep indicates the presence of the
One-Strep tag sequence at the N terminus], or pPR7-PB2-Cstrep [carrying the
One-Strep tag at the C terminus]) and the corresponding four pHMG-P908 or
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pHMG-MZ plasmids (0.5 pg of each), were cotransfected into a subconfluent
monolayer of cocultivated 293T and MDCK cells (4 X 10° and 3 X 10° cells,
respectively, seeded in a 35-mm dish), using 10 pl of the Fugene 6 transfection
reagent (Roche). After 24 h of incubation at 37°C, the supernatant was removed,
and cells were washed twice with DMEM and incubated at 37°C in DMEM
containing TPCK-trypsin at a final concentration of 0.5 pg/ml for 48 h. The
efficiency of reverse genetics was evaluated by titrating the supernatant on
MDCK and QT6 cells in plaque assays.

Subsequent amplifications of the P908-WSN recombinant virus and derivatives
were performed on MDCK cells at a multiplicity of infection (MOI) of 0.001 or
0.0001 for 2 to 3 days at 35°C in MEM containing TPCK-trypsin at a concen-
tration of 1 pg/ml. The MZ-WSN recombinant virus and derivatives were am-
plified on DF1 cells at an MOI of 0.001 or 0.0001 for 2 to 3 days at 37°C in
DMEM supplemented with 2.5% FCS. The exact conditions of amplification
used for a given virus can be provided upon request.

VRNA extraction, RT-PCR, and sequence analysis. Viral RNA was prepared
from all viral stocks using a QIAamp Viral RNA Mini kit (Qiagen) according to
the manufacturer’s recommendations. Five microliters of VRNA was subjected to
reverse transcription PCR (RT-PCR) and amplification using a Titan One-Step
RT-PCR kit (Roche). The PB1, PB2, PA, and NP segments of the P908-WSN
and MZ-WSN viruses and the PB2 segments of the tagged viruses and of a PB2
mutant virus carrying a Glu-to-Lys substitution at residue 627 (PB2-627) were
amplified as one single amplicon, using specific oligonucleotides anchored on the
3" and 5’ terminal 22 to 38 nucleotides of the segment, or as two overlapping
amplicons, in which case an additional pair of internal oligonucleotides was used.
The products of amplification were purified using a QIAquick gel extraction kit
(Qiagen) and sequenced using a Big Dye terminator sequencing kit and an
automated sequencer (Perkin Elmer). The sequences of the oligonucleotides
used for amplification and sequencing can be provided upon request.

Purification of the PB2 proteins fused to the One-Strep tag (PB2-Strep) on
Strep-tactin beads. At 6 h following infection of 293T cells (2 X107 cells in
100-mm dishes) or DF1 cells (5 X 10° cells in 100-mm dishes) with the PB2-wild
type (wt) and PB2-Cstrep or PB2-wt and PB2-Nstrep viruses at an MOI of 2, cells
were washed twice with phosphate-buffered saline (PBS), collected with a cell
scraper, and centrifuged at 450 X g for 5 min. The packed cell volume was
estimated. Cells were resuspended in five packed cell volumes of a lysis buffer
containing 50 mM Tris-HCL, pH 8, 300 mM NaCl, 2 mM MgCl,, 0.3% NP-40, 1
mM dithiothreitol, 10% glycerol, 1X protease inhibitor cocktail (Sigma), and
0.25 p/ml of benzonase nuclease (Novagen). Cell lysates were incubated on a
wheel for 1 h at 4°C and then centrifuged at 16,000 X g for 20 min. The
supernatant was transferred to a fresh tube, 1/20 of the volume was frozen at
—80°C, and the remaining volume was incubated on a wheel overnight with 1 mg
of Strep-tactin beads (IBA GmbH). The beads were washed as recommended by
the supplier, and bound proteins were eluted in 50 wl of Laemmli buffer, pre-
heated at 95°C for most experiments, or in 50 wl of elution buffer containing 2.5
mM desthiobiotin (IBA GmbH) when the Nstrep viruses were used.

Western blot assays. Cell lysates and Strep-tactin elution samples were
analyzed by electrophoresis on a denaturing NuPAGE 4 to 12% Bis-Tris gel
(Invitrogen), followed by Western blotting using polyvinylidene difluoride mem-
branes. The membranes were incubated overnight at 4°C with a mouse mono-
clonal antibody directed against the C-terminal domain of RNA Pol II (diluted
1:1,000; SWG16; Covance) or with rabbit polyclonal antibodies directed against
the PB1, PB2, or PA proteins (diluted 1:5,000; kindly provided by J. Ortin,
Centro Nacional de Biotecnologia, Madrid, Spain) or against A/PR/8/34 virions
(37) (diluted 1:10,000 for the detection of NP and M1 proteins) in PBS with 1%
bovine serum albumin, and 0.25% Tween 20. Membranes were then incubated
for 1 h at room temperature with peroxidase-conjugated secondary antibodies
(GE Healthcare), and with the ECL+ substrate (GE Healthcare). After the
membranes were scanned using a G-Box (SynGene), the signals corresponding
to the PB2, PB1, PA, NP, or RNA Pol II proteins were quantified using the
GeneTools software (SynGene).

Indirect immunofluorescence assay. Semiconfluent 293T cells on coverslips
were infected with the PB2-wt or PB2-HA recombinant viruses at an MOI of 2.
At 2 and 6 h postinfection (p.i.), cells were fixed with PBS-4% paraformaldehyde
for 20 min, permeabilized with PBS-0.1% Triton X-100 for 10 min, and then
incubated with either the 16B12 anti-HA (Covance) or IA-52 anti-NP (Oxford
Biotechnology) monoclonal antibody, diluted 1:200. After subsequent incubation
with AlexaFluor 555-coupled anti-mouse immunoglobulin G and AlexaFluor
488-coupled anti-rabbit immunoglobulin G secondary antibodies (diluted 1:500;
Molecular Probes), the samples were analyzed under a fluorescence microscope
(Leica).
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RESULTS

Production of reassortant influenza viruses with core pro-
teins derived from an avian or a human influenza virus isolate.
Recombinant viruses expressing the core proteins (PB1, PB2,
PA, and NP) derived from the human isolate P908 or from the
avian isolate MZ in a WSN virus background were produced
by reverse genetics, as described in the Materials and Methods
section. The resulting P908-WSN and MZ-WSN viruses were
amplified on MDCK (mammalian: canine) and DF1 (avian:
chicken) cells, respectively. VRNA was extracted and subjected
to RT-PCR using primers designed to amplify the whole PB1,
PB2, PA, and NP segments. Direct sequencing of the PCR
products demonstrated that the PB1, PB2, PA, and NP coding
sequences were unchanged in the P908-WSN and MZ-WSN
reassortant viruses compared to the P908 and MZ parental
viruses, respectively (data not shown).

MDCK cells were infected at an MOI of 0.001 and incubated
at 37, 35, or 33°C for 72 h. Virus titers in the culture superna-
tant were determined at different times p.i. by plaque assays.
Viral multiplication was only moderately affected by tempera-
ture variations for P908 and P908-WSN viruses (Fig. 1A),
whereas it was strongly delayed at low temperatures in the case
of MZ and MZ-WSN (Fig. 1B), in agreement with our previ-
ous observations (16, 20). The growth curves of P908 and
P908-WSN viruses were very similar: maximum titers were
observed at 48 h p.i. with a 2-fold (at 37°C) to 13-fold (at 33°C)
difference in favor of P908 (Fig. 1A). In contrast, at 48 h p.i.,
the MZ virus grew to titers 5-fold (at 37°C) to 10-fold (at 33°C)
lower than those of the reassortant MZ-WSN virus (Fig. 1B).
As a consequence, the growth advantage of P908 over MZ was
attenuated when P908-WSN and MZ-WSN were compared
(e.g., at 48 h p.i. the difference in titers between the reassortant
viruses compared to the difference between the parental vi-
ruses was about 1 log versus 2 log at 37°C, 2 log versus 4 log at
35°C, and 4 log versus 6 log at 33°C). Still, the P908-WSN virus
conserved a clear growth advantage over MZ-WSN.

Host range and temperature sensitivity of the parental and
reassortant viruses were further examined by performing
plaque assays at 37 or 33°C on MDCK and QT6 (avian: quail)
cells in parallel. Plaques formed by the avian-derived MZ and
MZ-WSN viruses were reduced in number and in size on
MDCK (Fig. 1D) compared to QT6 cells (Fig. 1F). Sensitivity
to low temperatures of these viruses was very apparent on
MDCK cells, as almost no visible plaques were formed at 33°C
even when lower dilutions of the viral stock were tested (Fig.
1D). This was not the case on QT6 cells, where plaque size was
only slightly reduced at 33 compared to 37°C (Fig. 1F). Unlike
what was observed with MZ and MZ-WSN viruses, plaque
formation by the human-derived P908 and P908-WSN viruses
was more efficient on MDCK (Fig. 1C) than on QT6 cells (Fig.
1E). On MDCK cells, sensitivity to low temperatures of the
P908 and P908-WSN viruses was very moderate compared to
their MZ counterparts (compare Fig. 1C and D) although
slightly more pronounced for the P908-WSN than for the P908
virus (Fig. 1C). On QT6 cells, sensitivity to low temperatures of
the P908 and P908-WSN viruses was also moderate (Fig. 1E),
as observed for the MZ and MZ-WSN viruses (Fig. 1F).

Opverall, the P908-WSN and MZ-WSN reassortant viruses
showed growth properties close to the parental P908 and MZ
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viruses, respectively. This similarity pointed to the fact that the
differences between P908 and MZ with respect to growth po-
tential and temperature sensitivity on mammalian cells were
determined mainly by the RNP genes and validated the use of
the reassortant viruses as a tool to further investigate the
molecular mechanisms involved.

Production of influenza viruses expressing a PB2 protein
fused to the One-Strep purification tag. The PB2 segment was
further engineered in order to generate P90§-WSN and MZ-
WSN viruses expressing a PB2 protein fused to the One-Strep
affinity purification tag, a polypeptide which binds specifically
to a derivative of streptavidin called Strep-tactin (32). The
sequence encoding the One-Strep tag was fused to the se-
quence encoding either the C terminus (Fig. 2A) or the N
terminus of PB2 (Fig. 2B). In the former case, a duplication of
the last 109 nucleotides encoding PB2 was inserted between
the stop codon of the PB2-Strep sequence and the 5" NCR in
order to ensure the conservation of a packaging signal over-
lapping the coding and noncoding regions at the 5" end of the
segment, as described earlier (4) (Fig. 2A). The resulting P908-
Cstrep-WSN and P908-Nstrep-WSN viruses were amplified on
MDCK cells. The MZ-Cstrep-WSN and MZ-Nstrep-WSN vi-
ruses were amplified on DF1 cells. VRNA was extracted and
subjected to RT-PCR using primers designed to amplify the
whole PB2 segment. Direct sequencing of the PCR products
confirmed that the One-Strep coding sequence was present, as
well as the PB2-ORF duplication in the case of Cstrep viruses
(data not shown).

Growth properties of the viruses expressing a tagged PB2 or
a wt PB2 protein were compared at 37°C. The P908-Cstrep-
WSN and P908-WSN viruses showed the same kinetics of
multiplication following infection of MDCK cells at a low MOI
(0.001) (Fig. 2C). The MZ-Cstrep-WSN virus grew at a slower
rate than MZ-WSN and achieved much lower titers on MDCK
cells (Fig. 2C), whereas both viruses showed similar growth
curves on QT6 cells (Fig. 2E). Thus, the presence of the One-
Strep tag at the C terminus of PB2 did not alter the fitness of
the virus per se but caused a growth defect specifically in
mammalian cells. The growth defect of the MZ-Cstrep-WSN
virus on MDCK cells was also observed at 40°C (data not
shown). Unlike the MZ-Cstrep-WSN virus, the MZ-Nstrep-
WSN virus showed a growth curve similar to that of the MZ-
WSN virus on MDCK cells (Fig. 2D).

Expression levels of the PB2, PB1, NP, and M1 proteins
were examined in MDCK and QT6 cells infected at a high
MOI with the PB2-Cstrep or PB2-Nstrep viruses or with the
PB2-wt viruses as a control. Total cell extracts were prepared
at 6 h p.i and were analyzed by Western blotting. Both the
PB2-Strep and PB2-wt proteins were revealed when an anti-
PB2 polyclonal antibody was used, whereas a monoclonal an-
tibody specific for the One-Strep tag reacted exclusively with
the PB2-Strep proteins (Fig. 3). The overall levels of PB2, PB1,
NP, and M1 proteins were reduced in cells infected with the
MZ-WSN viruses compared to their P908-WSN counterparts.
This reduction was more pronounced in MDCK (Fig. 3) than
in QT6 infected cells (Fig. 3). The presence of a One-Strep tag
at the C terminus of PB2 had little effect on the accumulation
of viral proteins, except for a fourfold increase of NP accumu-
lation in cells infected with the P908-Cstrep-WSN compared to
the P908-WSN virus (Fig. 3; also data not shown for the esti-
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FIG. 1. Growth properties of recombinant influenza viruses expressing core proteins derived from the avian MZ or human P908 influenza virus
isolate in the WSN background. (A) Growth curves of the parental P908 and reassortant P908-WSN viruses on MDCK cells. Cell monolayers were
infected at an MOI of 0.001 and incubated for 72 h at 37, 35, or 33°C. At the indicated time points, the supernatants were harvested, and virus
titers were determined by plaque assays on MDCK cells. (B) Growth curves of the parental MZ and reassortant MZ-WSN viruses on MDCK cells.
Experimental conditions were as described in panel A, except that virus titers were determined on QT6 cells. (C to F) Plaque phenotype of the
P908 and reassortant P908-WSN viruses (C and E) or MZ and reassortant MZ-WSN viruses (D and F) assayed on MDCK or QT6 cells, as
described in Materials and Methods. Cell monolayers were stained with crystal violet after 72 h of incubation at 37 or 33°C. Representative data
are shown. The dilutions of the viral stock used for infection are indicated.

mated fourfold difference based on Western blot analysis of
serial dilutions of both types of cell extracts). Remarkably, the
PB2, PB1, NP, and M1 proteins were detected at similar levels
in MDCK cells infected with the MZ-Cstrep-WSN and MZ-
WSN viruses (Fig. 3) (M1 signals were detectable only after a
longer exposure time [data not shown]). This observation sug-
gests that the reduced growth of the MZ-Cstrep-WSN virus
observed upon multicycle multiplication on MDCK cells (Fig.
2C) does not correspond to a major interference of the Cstrep
tag with the Pol activity at an early stage of the viral cycle, and

it contributes to the validation of the MZ-Cstrep-WSN virus as
an appropriate tool in the present study. The presence of a
One-Strep tag at the N terminus of PB2 had no significant
effect on the accumulation of the NP and M1 proteins but led
to slightly decreased levels of the PB2 and PBI1 proteins in cells
infected with P908-Nstrep-WSN as well as MZ-Nstrep-WSN
(Fig. 3) (M1 signals were detectable only after a longer expo-
sure time [data not shown]). When the same comparative
Western blot analysis was performed for 293T and DF1 cells
infected at a high MOI, the results were similar to those ob-
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FIG. 2. Characterization of recombinant MZ-WSN and P908-WSN influenza viruses with a PB2 segment encoding a PB2-Strep fusion protein.
(A and B) Schematic representation of the PB2 VRNAs expressed in plasmid-based reverse genetics experiments to produce recombinant viruses
expressing a PB2 protein fused to the One-Strep tag at the C terminus (A) or at the N terminus (B). The PB2-ORF (hatched box) is fused to the
sequence encoding the One-Strep tag (gray box) and flanked by the 3" and 5’ NCRs (black lines). In panel A the duplicated PB2-ORF sequences
are represented as white boxes, and the sequence, which is identical to the wt PB2 vRNA at the 5’ end, is indicated by a double-headed arrow.
The stop codons are indicated by black arrowheads. (C to E) Growth curves of the P908-WSN and MZ-WSN viruses compared to the
P908-Cstrep-WSN and MZ-Cstrep-WSN viruses on MDCK cells (C) or on QT6 cells (E) and compared to the P908-Nstrep-WSN and MZ-
Nstrep-WSN viruses on MDCK cells (D). Cell monolayers were infected at an MOI of 0.001 and incubated for 72 h at 37°C. At the indicated time
points, the supernatants were harvested, and virus titers were determined by plaque assays on MDCK cells (for P908-WSN, P908-Cstrep-WSN and
P908-Nstrep-WSN) or on QT6 cells (for MZ-WSN, MZ-Cstrep-WSN and MZ-Nstrep-WSN). nt, nucleotides.

tained for MDCK and QT6 cells, respectively (data not
shown).

An indirect immunofluorescence assay was used to analyze
293T cells at 2 and 6 h following infection at high MOIs with
MZ-WSN or P908-WSN viruses expressing an HA-tagged PB2
protein. Striking differences in the intensity and cellular local-
ization of NP staining were observed. In P908-HA-WSN-in-
fected cells, the NP protein was nuclear at 2 h p.i. (Fig. 4,
columns C and D, row a) and mainly cytoplasmic at 6 h p.i.
(Fig. 4, columns C and D, row c). In MZ-HA-WSN-infected
cells, the NP-specific fluorescence was almost undetectable at
2 h p.i. (Fig. 4, columns C and D, row b) and limited to the
nucleus at 6 h p.i. (Fig. 4, columns C and D, row d). At both

time points, the PB2-HA protein was detected mainly in the
nucleus of infected cells (Fig. 4, columns A and B, rows a to d),
and the signal was much stronger in P908-HA-WSN-infected
cells (as a consequence, different settings had to be used for
P908-HA-WSN and MZ-HA-WSN samples shown in Fig. 4,
columns A and B). These observations were in agreement both
with the delayed viral multiplication (Fig. 1) and reduced ac-
cumulation of PB2 and NP proteins (Fig. 3) observed upon
infection of MDCK cells with the MZ-WSN compared to the
P908-WSN virus.

We next asked whether the replicative potential of MZ-
WSN and P908-WSN viruses could be correlated to the effi-
ciency with which the RNP components interacted with each
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FIG. 3. Western blot analysis of the steady-state levels of viral
proteins in cells infected with recombinant MZ-WSN and P908-WSN
influenza viruses expressing a PB2-Strep fusion protein. Whole-cell
lysates were prepared from MDCK or QT6 cells at 6 h p.i. with the
P908-WSN or MZ-WSN viruses expressing either a PB2-wt (—), PB2-
Cstrep (C), or PB2-Nstrep (N) protein, as indicated. The samples were
loaded on a 4 to 12% polyacrylamide gel and analyzed by Western
blotting as described in Materials and Methods, using either a poly-
clonal antibody directed against the PB2 or PB1 protein, a polyclonal
serum recognizing the NP and M1 proteins, or a monoclonal antibody
specific for the One-Strep epitope. The positions of the PB2 and PB1
proteins (filled arrowheads) and of cellular proteins recognized non-
specifically by the anti-PB2 and anti-PB1 antibodies (open arrow-
heads) are indicated.
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other and with cellular partners, by performing copurification
experiments on cells infected with the corresponding PB2-
Strep viruses. Because reagents are more readily available for
human and chicken cellular proteins, these experiments were
set up on 293T and DF1 cells.

Copurification of viral core proteins from human or avian
cells infected with PB2-Strep viruses. We first compared how
efficiently the P908 and MZ viral Pols assembled and in-
teracted with the NP in 293T and DF1 cells. Confluent cell
monolayers were infected at a high MOI with the P908- or
MZ-Cstrep-WSN viruses in parallel with the control P908- or
MZ-WSN viruses and incubated at 37°C or 33°C. Total cell
extracts were prepared at 6 h p.i. as described in the Materials
and Methods section and were incubated with Strep-tactin
beads. After the beads were washed, PB2-Strep complexes
were eluted using Laemmli buffer, separated by electrophore-
sis on a denaturing gel, and analyzed by Western blotting using
antibodies specific for the viral PB2, PB1, PA, and NP proteins.

For each of the Pol subunits, protein levels upon infection
with the MZ-Cstrep-WSN or P908-Cstrep-WSN virus were
compared in total lysates prepared from infected 293T or DF1
cells and in the corresponding Strep-tactin eluates. For the

A B C D

+ DAPI

- DAPI + DAPI

anti-HA

anti-NP

FIG. 4. Intracellular distribution of PB2 and NP in 293T cells infected with a P908-WSN or MZ-WSN virus expressing a PB2-HA fusion protein. 293T
cells were infected at an MOI of 2 with the P908-HA-WSN or MZ-HA-WSN virus expressing a PB2-HA fusion protein and incubated at 37°C. At 2 and
6 h p.i., immunofluorescence assays were performed as described in Materials and Methods, using either an anti-HA (red staining) or an anti-NP (green
staining) monoclonal antibody. In columns A and B, distinct settings had to be used because of the low signal levels in MZ-WSN samples. The same
settings were used for all data shown in columns C and D. Columns B and D represent merges between the anti-HA or anti-NP stainings shown in
columns A and C, respectively, and the DAPI (4',6'-diamidino-2-phenylindole) nucleic acid staining of the same fields (blue staining).
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FIG. 5. Western blot analysis of P908-Cstrep-WSN- or MZ-Cstrep-WSN-infected cell lysates before and after purification on Strep-tactin
beads. (A and B) Analysis of protein complexes eluted from Strep-tactin beads. 293T or DF1 cells were infected at an MOI of 2 with MZ-WSN
(MZ), MZ-Cstrep-WSN (MZ-Cstrep), P908-WSN (P908), or P908-Cstrep-WSN (P908-Cstrep) virus and incubated at 37 or 33°C for 6 h.
Whole-cell lysates were prepared, and a fraction was incubated with Strep-tactin beads as described in Materials and Methods. Protein complexes
were eluted and serially diluted in Laemmli buffer, loaded on a 4 to 12% sodium dodecyl sulfate-polyacrylamide gel, and analyzed by Western
blotting as described in Materials and Methods, using either polyclonal antibodies directed against the PB2, PB1, PA, or NP protein or a
monoclonal antibody specific for the cellular RNA Pol 11, as indicated. (C and D) Analysis of the levels of NP protein before and after purification
on Strep-tactin beads. The whole-cell lysates and the Strep-tactin eluates prepared from infected 293T or DF1 cells were serially diluted in
whole-cell lysates prepared from uninfected cells and in Laemmli buffer, respectively, loaded on a 4 to 12% sodium dodecyl sulfate-polyacrylamide
gel, and analyzed by Western blotting, as described in Materials and Methods, using a polyclonal antibody recognizing the NP protein. The samples
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purpose of quantification, serial dilutions of the pre- and post-
purification samples were analyzed using the G-Box and Gene-
Tools software (Syngene). Very reproducible results were ob-
tained in three independent experiments. Similar observations
were made at 37°C and 33°C. In total cell lysates, for each of
the Pol subunits, the signal ratios of MZ-Cstrep-WSN to P908-
Cstrep-WSN were about 1:4 to 1:8 in 293T cells (Fig. 5E and
G) and 1:1 in DF1 cells (Fig. 5F and H). In Strep-tactin eluates
derived from 293T infected cell extracts, the protein ratios of
MZ-Cstrep-WSN to P908-Cstrep-WSN were still about 1:4 to
1:8 for PB2-Strep as well as for the PB1 and PA subunits (Fig.
5A, E, and G). That the ratios before and after purification for
all three subunits were the same suggests that assembly of the
MZ Pol complex is not impaired in 293T cells although each
subunit is underexpressed. Similarly, the 1:1 protein ratios of
MZ to P908 in DF1 samples was conserved throughout the
purification process (Fig. 5B, F, and H), suggesting that both
viral Pols are being assembled with the same efficiency in avian
cells.

Analysis of the levels of NP protein upon infection with MZ-
and P908-Cstrep-WSN viruses also showed marked differences
in 293T but not in DF1 cells. In DF1 cell lysates analyzed prior
to purification, similar NP signals were detected whether the
cells had been infected with the MZ- or the P908-Cstrep-WSN
virus (Fig. 5D, cell lysates, F, and H). Subsequently, similar
levels of MZ- and P908-NP appeared to copurify with MZ- and
P908-PB2-Cstrep, respectively (Fig. 5D, eluates, F, and H). In
contrast, 293T cells infected with the MZ-Cstrep-WSN virus
showed significantly reduced NP levels compared to P908-
Cstrep-WSN-infected cells. The difference was about 16- to
32-fold when cells had been incubated at 37°C and 64- to
128-fold when cells were incubated at 33°C (Fig. 5C, lysates, E,
and G). The relatively high levels of NP in P908-Cstrep-WSN-
infected cells (Fig. 3 and related comments) accounted in part
for the broad difference. When this corrective factor was taken
into account, the reduction of MZ-NP levels was still repeat-
edly more pronounced than the reduction of MZ-Pol levels in
293T cells incubated at 33°C. After Strep-tactin purification,
the estimated ratios of MZ-NP to P908-NP were about 1:256
and <1:512 when 293T cells were incubated at 37 and 33°C,
respectively (Fig. 5C, eluates, E, and G). These lower ratios
compared to those observed in total cell extracts (about 1:32
and 1:128 at 37 and 33°C, respectively, as mentioned above)
raised the possibility of a specific defect of the association
between the MZ-NP and MZ-Pol in 293T cells. Whether this
defect was more pronounced at 33°C than at 37°C could not be
established because of weak MZ-NP signals in 293T cells in-
fected at 33°C (Fig. 5G).

Copurification experiments were repeated using the MZ-
and P908-WSN viruses tagged at the N terminus instead of the
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FIG. 6. Western blot analysis of P908-Nstrep-WSN- or MZ-
Nstrep-WSN-infected cell lysates before and after purification on
Strep-tactin beads. 293T cells were infected at an MOI of 2 with
MZ-WSN, MZ-Cstrep-WSN, P908-WSN, or P908-Cstrep-WSN virus
in one experiment and with MZ-WSN, MZ-Nstrep-WSN, P908-WSN,
or P908-Nstrep-WSN virus in an independent experiment and incu-
bated at 37°C for 6 h. Whole-cell lysates were prepared, a fraction was
incubated with Strep-tactin beads, and eluted protein complexes were
analyzed using polyclonal antibodies directed against the PB2, PB1, or
NP protein, as described in the legend of Fig. 5. The signals measured
in samples derived from MZ-Cstrep-WSN- and MZ-Nstrep-WSN-in-
fected cells were compared to those measured in samples derived from
P908-Cstrep-WSN- and P908-Nstrep-WSN-infected cells, respectively,
taking into account the sample dilution factor. The MZ/P908 ratios
measured in total cell extracts (black bars) and in Strep-tactin eluates
(gray bars) are expressed as percentages. The percentage indicated by
the asterisk is overestimated because the MZ-NP signal was at back-
ground levels. The results of one representative experiment out of
three (Cstrep viruses) or out of two (Nstrep viruses) are shown.

C terminus of PB2. When protein ratios were compared in
Strep-tactin eluates (Fig. 6) and in total cell extracts (Fig. 6),
the ratios of MZ-PB2 to P908-PB2 and of MZ-PB1 to P908-
PB1 appeared essentially unchanged. In contrast, the ratio of
MZ-NP to P908-NP was decreased at least twofold in Strep-
tactin eluates compared to total cell extracts. The extent to
which the NP ratio was decreased could not be evaluated
precisely because the signals corresponding to MZ-NP were at
background levels (Fig. 6). The overall signal intensity in ex-
periments with Nstrep viruses was low compared to Cstrep
viruses due to low levels of expression (Fig. 3) and purification
yield (data not shown) of PB2-Nstrep compared to PB2-Cstrep
proteins. However, the data obtained with Nstrep viruses in-
dicated a defect of the association between MZ-NP and MZ-
Pol in 293T cells and were in agreement with those obtained
with Cstrep viruses.

The impact of a Glu-to-Lys substitution at residue 627 of
MZ-PB2 on the efficiency of copurification of the viral core
proteins was finally examined. Avian-like MZ-WSN and MZ-
Cstrep-WSN viruses with a PB2-627 Glu-to-Lys substitution
(627K) were produced. A copurification experiment was per-

are from the same experiment as shown in panels A and B, respectively. The sample dilution factors are indicated using the following notation:
1, undiluted; 1/2, diluted twofold, 1/4, diluted fourfold, and so on. (E to H) Graphic representation of the results of Western blot quantification.
After the membranes were scanned using a G-Box (SynGene), the signals corresponding to the PB2, PB1, PA, NP, or RNA Pol II proteins were
quantified using the GeneTools software (SynGene). The signals measured in samples derived from MZ-Cstrep-WSN-infected cells were
compared to those measured in samples derived from P908-Cstrep-WSN-infected cells, taking into account the sample dilution factor. The MZ/
P908 ratios measured in total cell extracts (black bars) and in Strep-tactin eluates (gray bars) are expressed as percentages. The percentage
indicated by the asterisk is overestimated due to the fact that the MZ-NP signal was at background levels. The results of one representative

experiment out of three are shown.
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FIG. 7. Effect of the Glu-Lys substitution at PB2 residue 627 on the
phenotype of the avian-like MZ-WSN viruses. (A) Western blot anal-
ysis of mutant or wt MZ-Cstrep-WSN-infected cell lysates before and
after purification on Strep-tactin beads. 293T cells were infected at an
MOI of 2 with the P908-WSN, MZ-WSN, MZ-627K-WSN, P908-
Cstrep-WSN, MZ-Cstrep-WSN, or MZ-627K-Cstrep-WSN virus and
incubated at 37°C for 6 h. Whole-cell lysates were prepared, a fraction
was incubated with Strep-tactin beads, and eluted protein complexes
were analyzed using polyclonal antibodies directed against the PB2,
PBI1, or NP protein, as described in the legend to Fig. 5. The signals
measured in samples derived from MZ-Cstrep-WSN- and MZ-627K-
Cstrep-WSN-infected cells were compared to those measured in sam-
ples derived from P908-Cstrep-WSN-infected cells, taking into account
the sample dilution factor. The MZ/P908 ratios measured in total cell
extracts (black bars) and in Strep-tactin eluates (gray bars) are ex-
pressed as percentages. (B) Growth curves of the 627K mutant com-
pared to the wt MZ-WSN and MZ-Cstrep-WSN viruses on MDCK
cells. Cell monolayers were infected at an MOI of 0.001 and incubated
for 72 h at 37°C. At the indicated time points, the supernatants were
harvested, and virus titers were determined by plaque assays on QT6
cells.

formed on cell extracts prepared from 293T cells infected at a
high MOI with the MZ-627K-Cstrep-WSN, MZ-Cstrep-WSN,
or P908-Cstrep-WSN virus in parallel with the control MZ-
627K-WSN, MZ-WSN, or P908-WSN virus. No reduction of
the ratio of MZ-NP to P908-NP in Strep-tactin eluates com-
pared to total cell extracts was observed upon infection with
the MZ-627K-Cstrep-WSN virus, unlike with the MZ-Cstrep-
WSN virus (a fourfold reduction) (Fig. 7A). This observation
indicated that the presence of a Lys instead of a Glu at PB2
residue 627 fully corrected the defect of NP association with
the Pol in MZ-Cstrep-WSN-infected cells. Following infection
of MDCK cells at a low MOI (0.001), the mutant MZ-627K-
WSN and MZ-627K-Cstrep-WSN viruses grew more efficiently

J. VIROL.

than their wt counterparts (Fig. 7B). Notably, the mutant MZ-
627K-Cstrep-WSN still showed delayed growth kinetics com-
pared to the untagged mutant MZ-627K-WSN virus, which
strongly suggests that the growth defect due to the presence of
the Cstrep tag was not corrected by the Glu627Lys substitution
and, thus, was unrelated to the defect of NP-Pol association.

Copurification of viral Pol and cellular RNA Pol II from
human or avian cells infected with PB2-Cstrep viruses. En-
gelhardt et al. showed the existence of a physical association
between the influenza WSN virus Pol and the large subunit of
the cellular RNA Pol II in a transcriptionally active, hyper-
phosphorylated form (7). Here, we compared how efficiently
the P908 and MZ viral Pols interacted with the Pol II enzyme
in 293T and DF1 cells. Total cell lysates were analyzed by
Western blotting using the monoclonal antibody SWG16,
which allows detection of two forms of the Pol II large subunit
C-terminal domain corresponding to different phosphorylation
states of the protein (7). In 293T as well as in DF1 cells, both
forms of Pol II were detected at similar levels whether the cells
had been mock infected or infected with the MZ-Cstrep-WSN
or the P908-Cstrep-WSN virus (data not shown). Following
purification on Strep-tactin beads, some Pol II was detected
specifically in the samples corresponding to cells infected with
PB2-Cstrep viruses (Fig. SA and B), and this protein was found
to correspond to the slow mobility form (data not shown).
Comparison of the signal ratios of PB2/PB1/PA to Pol II indi-
cated that the human Pol IT enzyme (Fig. SA, E, and G) as well
as the chicken Pol II enzyme (Fig. 5B, F, and H) copurified
more efficiently with the MZ Pol than with the P908 Pol.
Depending on the experiments, the ratio of Pol II to PB1 was
two- to eightfold higher in cells infected with MZ-Cstrep-WSN
than with P908-Cstrep-WSN. Overall, these observations
clearly indicated that the replication defect of the MZ virus in
293T cells was not related to an impaired binding of the Pol
complex to the cellular Pol II.

DISCUSSION

In the present study, the growth properties of recombinant
influenza viruses expressing the core proteins from a human
(P908) or an avian (MZ) isolate in the background of the WSN
strain were compared. Both reassortant viruses replicated ef-
ficiently on avian cultured cells, as did both parental isolates.
This argues against any major incompatibility between the core
proteins derived from the isolates and the viral proteins de-
rived from WSN virus. On mammalian cells, the avian parental
isolate and the corresponding reassortant showed restricted
growth, compared to their human counterpart, at 37°C and
even more so at lower temperatures. Thus, growth restriction
and cold sensitivity of the avian isolate on mammalian cultured
cells were largely determined by the RNP genes, in agreement
with previous data showing reduced transcription/replication
activities of RNPs derived from avian compared to human
influenza A viruses upon reconstitution in mammalian cells
(16, 20).

We successfully generated recombinant P908-WSN and
MZ-WSN viruses expressing a PB2 protein fused to a One-
Strep or an HA tag at the C terminus by using a procedure
described previously: the 109 last nucleotides encoding PB2
were duplicated downstream of the tag sequence so that the
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PB2 genomic segment retained the packaging signals present
atits 5’ end (4). Recombinant viruses expressing a PB2 protein
fused to a One-Strep tag at the N terminus were also success-
fully produced and did not require any duplication of viral
sequences. The recombinant P908-WSN and MZ-WSN viruses
expressing a tagged PB2 protein grew to high titers and re-
mained genetically stable upon amplification on MDCK and
DF1 cells, respectively. Thus, the procedure we described ini-
tially for the production of recombinant WSN viruses express-
ing a PB2-Flag or a Flag-PB2 protein (4) is applicable to other
viruses with PB2 segments of different origins, and tags of
various lengths and sequences can be accommodated. The
same procedure might be used to generate recombinant vi-
ruses expressing a tagged PB1 or PA protein as the sequences
required for effective incorporation of the corresponding
vRNA into virions have now been mapped on both the 3’ and
5" ends (17, 19).

The One-Strep tag has been described as an efficient tool to
purify protein complexes from crude extracts under mild elu-
tion conditions and with good yields (18). Indeed, the PB2-
Strep viruses allowed us to compare the efficiency with which
the components from the P908- and MZ-derived RNPs inter-
acted with each other and with cellular partners in human and
in avian cells infected at high MOIs. In avian DF1 cells, the
core proteins were expressed at similar levels whether the cells
had been infected with MZ-Cstrep-WSN or P908-Cstrep-
WSN. Both the avian- and human-derived Pol complexes were
efficiently assembled and bound to the NP protein. In 293T
cells, the PB1, PB2, and PA proteins were underexpressed
when the cells had been infected with MZ-Cstrep-WSN com-
pared to P908-Cstrep-WSN, in agreement with the low tran-
scription/replication activity of MZ-RNPs in 293T cells de-
scribed previously (16). However, similar ratios of MZ-PB1 to
P908-PB1 and of MZ-PA to P908-PA in total cell lysates and
in Strep-tactin eluates, at 37°C as well as at 33°C, indicated that
the assembly of the avian-derived Pol complex was not im-
paired in 293T cells. Experiments using the set of viruses with
a One-Strep tag at the N terminus instead of the C terminus of
PB2 led to similar findings. According to a recently proposed
model, PB1 and PA are imported into the nucleus as a PB1-PA
dimer associated with RanBP5, which then dissociates from
RanBP5 and assembles with separately imported PB2 (2). The
D701N mutation in PB2 was found both to mediate adaptation
of the avian influenza virus SC35 to mice (10) and to increase
binding of PB2 to importin «al in 293T cells (11), suggesting
that molecular interactions between the Pol and the nuclear
import machinery might play a role in host adaptation. How-
ever, our copurification data, taken together with the fact that
immunofluorescence analysis revealed no cytoplasmic accumu-
lation of the MZ-PB2 protein in 293T infected cells, suggest
that a defect in nuclear import of PB2 or in assembly of the Pol
complex is not the major mechanism underlying growth restric-
tion of the avian MZ-WSN virus in 293T cells.

As observed for the Pol subunits, the NP protein accumu-
lated at lower levels in 293T cells infected with MZ-Cstrep-
WSN than with P908-Cstrep-WSN. The difference was more
pronounced for the NP protein than for the Pol subunits and
markedly so when 293T cells were incubated at 33°C. One
hypothesis is that the half-life of the MZ-derived NP protein
might be specifically reduced in human cells by a temperature-
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dependent mechanism. It has been suggested that BAT1 and
Tat-SF1 may function as molecular chaperones for NP and
facilitate NP-vRNA interaction (24, 26). Poor recognition of
MZ-NP by the human BAT1 or Tat-SF1 factor might result in
NP aggregation and/or an increased degradation rate. Using an
anti-NP antibody for immunofluorescence assays, we observed
a pattern of punctuated cytoplasmic dots in 293T cells infected
with the MZ-WSN virus, which was not visible in 293T cells
infected with the P908-WSN virus and which could correspond
to NP aggregates (Fig. 4, columns C and D). A defect of
association with the Pol could also contribute to a decreased
half-life of the MZ-NP protein. Indeed, our results point to
inefficient NP-Pol association as a characteristic that differen-
tiates MZ from P908 upon infection in 293T cells. The
amounts of NP copurifying with the Pol complex were about 8-
to 16-fold lower than expected based on the overall reduced
levels of NP in 293T cells infected with the MZ-Cstrep-WSN
compared to the P90§-Cstrep-WSN virus. When Western blot
analysis was performed under nondenaturing conditions, high-
molecular-weight complexes, most likely including viral Pol
and multimeric NP, were detected in cells infected with P908-
Cstrep-WSN but not with MZ-Cstrep-WSN (data not shown).
A similar defect of association of MZ-NP with the Pol was
observed in experiments using the MZ- and P908-Nstrep-WSN
viruses. A Glu-to-Lys substitution at residue 627 of MZ-PB2
resulted in increased levels of expression of the MZ core pro-
teins in 293T cells and efficient association of MZ-NP with the
Pol complex. Our findings suggest that residue 627 of PB2
modulates the efficiency of NP binding to the Pol in human
cells during the course of infection, in agreement with data
obtained upon transient expression of the viral core proteins in
293T cells by us (16) and by others (23).

A concern was that the results obtained with the MZ-Cstrep-
WSN viruses could correspond to artifacts due to the presence
of the tag, as this virus showed reduced growth on MDCK cells
compared to its untagged MZ-WSN counterpart in a multi-
cycle growth assay. However, a defect of the association be-
tween MZ-NP and MZ-Pol in 293T cells was observed with the
Nstrep viruses, which did not exhibit a growth defect, as well as
with the Cstrep viruses. In addition, our data on MZ-WSN
viruses with a Glu-to-Lys substitution at residue 627 strongly
suggested that the growth defect due to the presence of the
Cstrep tag was not related to the defect of the NP-Pol associ-
ation as it was not corrected by the presence of a Lys627.
Finally, the fact that the PB1, PB2, NP, and M1 proteins, as
well as the M vRNAs (as evaluated by quantitative RT-PCR at
6 h p.i.) (data not shown) were detected at similar levels in
MDCK cells infected with the MZ-Cstrep-WSN and MZ-WSN
viruses also indicates the absence of a major perturbation of
the Pol activity due to the One-Strep tag, at least at early stages
of the viral cycle, and contributes to validate the MZ-Cstrep-
WSN virus as an appropriate tool in our study.

In DF1 cells unlike in 293T cells, NP binding to the Pol was
equally efficient for MZ and P908, suggesting that cellular
factor(s) are likely involved in the control of the NP-Pol inter-
action. This hypothesis is consistent with the three-dimensional
structure of the PB2-627 domain recently reported by Taren-
deau et al. (36). Residue 627 is present at the surface of the
domain and could well be involved in molecular interactions
with viral and/or cellular proteins. We believe that comparative
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proteomic analyses using the recombinant P908-Cstrep-WSN
and MZ-Cstrep-WSN viruses is a powerful approach to iden-
tify such cellular factor(s) and to understand their role in
controlling the host range of influenza viruses. As a proof of
concept, we were able in the present study to demonstrate that
the Pol of the avian MZ virus interacts with the human RNA
Pol IT more strongly than does the Pol of the human P908 virus
in 293T infected cells and also does so with the chicken RNA
Pol II enzyme in DF1 infected cells. Our work extends the
initial observation by Engelhardt et al. that the Pol of the WSN
strain interacts with the human RNA Pol II (7) and reinforces
their suggestion that this interaction plays a key role in the viral
cycle. Furthermore, our data indicate that growth restriction of
avian influenza viruses in human cells is not related to a defect
in the physical association between the viral Pol and cellular
Pol II. It still remains possible that this association is taking
place in such a way that the corresponding function is not
preserved. A precise investigation of the spatial and temporal
distribution of viral RNPs in the course of infection, using
recombinant viruses expressing a tagged Pol, should help im-
prove our understanding of the functional interactions be-
tween RNPs and host factors.
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